Sphagnum mosses dominate peatlands by employing harsh ecosystem tactics to prevent vascular plant growth and microbial degradation of these large carbon stores.
| INTRODUC TI ON
Peatlands cover over 4 million km 2 worldwide and are the most efficient terrestrial ecosystems in storing carbon (Gorham, 1991) . The total amount of carbon stored in these systems is approximately 250-450 Pg C, equivalent to half of what is stored in the atmosphere as CO 2 (750 Pg C; Frolking et al., 2011; Gorham, 1991) . Northern peatlands are formed of bogs and fens, the former being a significant driver of organic matter accumulation, total amount of carbon stored, and total storage capacity (Armentano & Menges, 1986; Sjors, 1981) . The bog arcotelm, defined as the peat thickness above the summer water table (Clymo, 1978) , varies largely in the hummock/hollow microtopography, with a thicker layer of peat and correlative minimal C losses characteristic to hummocks (Wallén, 1986) .
This low organic carbon (OC) consumption and decomposition in peat bog hummocks is by and large due to the most important peatforming plants, the bryophytic moss Sphagnum (van Breemen, 1995; Verhoeven & Liefveld, 1997) .
Sphagnum mosses, an ancient early-branching lineage of land plants, are keystone species that shape their habitat through unique biochemical and morphological adaptations. Since these plants lack roots and sophisticated shoot systems for resource accumulation and distribution, Sphagnum mosses rely on employing hostile ecosystem tactics to ensure light, nutrient, and water availability (Kostka et al., 2016; Turetsky, 2018; van Breemen, 1995; Verhoeven & Liefveld, 1997) . Sphagnum mosses have high capillarity and create permanently wet and water-logged soil conditions, with resultant anoxia and relatively low temperatures. The characteristic cell-wall structure, made of polysaccharides and highly reactive carbonyl groups, has been linked to a high-cation exchange capacity which simultaneously traps nutrients and acidifies the environment (Ca concentration <2 mg/L and pH < 4.2; Clymo, 1978; van Breemen, 1995) .
As such, these adaptations wage environmental warfare on vascular plants and microbial degrading counterparts, which promotes Sphagnum growth, suppresses microbial and vascular plant growth, leads to subsequent slow litter (organic matter) decomposition, and ultimately results in the high carbon storage capacity observed in peat bogs.
Climate is one of the most important determinants of peatlands' character, distribution, and biodiversity, yet peatland-specific processes that control C decomposition, accumulation, and subsequent feedback to climate, despite their significance, are not included in current climate models (Limpens et al., 2008) .
Variability in primary productivity of peatlands is projected with increasing temperature, where some areas will benefit from lengthened growing seasons and concurrent warmer temperatures, and other areas will see a decrease in primary productivity due to evapotranspiration (Hufnagel & Garamvölgyi, 2014) . A plausible shift from Sphagnum moss dominance to vascular plant species (i.e., sedges) is generally agreed upon in climate models, and because Sphagnum currently dictates and limits organic matter decomposition, in part by its restriction on microbial decomposer growth (and related organic matter degradation/greenhouse gas by-products from microbial metabolism), these climates impacted shifts could affect the mobility of organic matter within peatland soils. While the understanding of individual biotic and abiotic drivers of C cycling in peatlands is developing (Chanton et al., 2008; Chasar, Chanton, Glaser, Siegel, & Rivers, 2000; Fenner & Freeman, 2011; Freeman, Evans, Monteith, Reynolds, & Fenner, 2001; Freeman, Ostle, & Kang, 2002) , the plant-soilmicrobe interactions in the context of rising temperatures remain poorly understood. This uncertainty in peatland response to climate change has therefore led to increase interest and urgency in better understanding the decomposition pathways of these large and important carbon stocks, and more specifically, the Sphagnum moss-microbial OM degradation interactions that underlay it.
While it is widely agreed upon that decomposition of peat carbon is partially inhibited by antimicrobial properties of Sphagnum, that is, by deterring the main soil decomposers, it is currently unclear which compounds are responsible for inhibition of organic matter decomposition and the mechanisms by which this inhibition occurs. Some researchers have suggested that the amorphous phenolic polymer that covers the surface of the Sphagnum cell wall, whose structure and function is similar to lignin, forms a physical barrier against decomposition (Freeman et al., 2001; Hájek, Ballance, Limpens, Zijlstra, & Verhoeven, 2011; Talbot & Treseder, 2012; Turetsky, Crow, Evans, Vitt, & Wieder, 2008; Verhoeven & Liefveld, 1997) .
However, Mellegård, Stalheim, Hormazabal, Granum, & Hardy, 2009 were unable to determine any antibacterial effects of phenolic compounds from moss extracts. Others have suggested that sphagnan, a pectin-like compound within the cell-wall holocellulose, is slowly released into the environment when the cell wall undergoes autogenic acid hydrolysis, liberating uronic acid for high-cation exchange and acidification (Børsheim, Christensen, & Painter, 2001; Hájek et al., 2011; Painter, 1991; Stalheim, Ballance, Christensen, & Granum, 2009 
Significance
This work is significant because it illustrates using a comprehensive metabolomics approach, the potential mechanisms by which Sphagnum fallax inhibits microbial activity in peatlands and hence litter decomposition, leading to C sequestration. The identified metabolites provide a baseline to determine key biomarkers to predict peatland C store accumulation, sequestration, and emissions as climate shifts. Liefveld, 1997) , have focused only on specific compounds or classes of compounds (Ballance, Børsheim, Inngjerdingen, Paulsen, & Christensen, 2007; Klavina, Springe, Steinberga, Mezaka, & Ievinsh, 2018) , or have concentrated on applied function rather than identifying structures (Bengtsson, Granath, & Rydin, 2016; Bengtsson, Rydin, & Hájek, 2018; Hájek et al., 2011) . While all of these are crucial to understanding Sphagnum and its ecosystem roles, a full-suite chemical characterization of Sphagnum fallax metabolites is currently missing from the literature.
Due to the importance of Sphagnum and the chemical structures underlying its dominance of peatland ecosystems, as well as the little available information of these structures and the general composition of Sphagnum fallax, this research aims to characterize Sphagnum fallax metabolite and lipid profile. We implemented a full-analytical suite of mass spectrometry (MS) and 1 H liquid state nuclear magnetic resonance spectroscopy (NMR) characterization techniques in order to identify known and unknown compounds of Sphagnum fallax to expand on and improve current databases.
Our research further aims to understand the antimicrobial activity of Sphagnum and better understand its microbial inhibition mechanisms by using Fourier-transform ion cyclotron resonance mass spectrometry (FTICR-MS) to compare metabolomes and identify antimicrobial compounds in Sphagnum against the metabolomes of nine medicinal plants with previously known antimicrobial and medicinal properties (Ahmed et al., 2016; Cowan, 1999; Oliveira-Alves et al., 2017; Ortega-Ramirez et al., 2014; Riaz, Zia-Ul-Haq, & Jaafar, 2013; Singh, Khanam, Misra, & Srivastava, 2011; Surjushe, Vasani, & Saple, 2009; Yang et al., 2012) . This research will provide fundamental chemical and structural data to further bridge the knowledge gap of how Sphagnum fallax acts on its environment, with the peatland microbiome, and the role it plays in the vulnerability or resilience of peatland carbon stores to changing environmental conditions. This information can be further extrapolated upon to improve climate models by identifying environmental biomarkers for understanding and predicting carbon changes in peatlands.
| MATERIAL S AND ME THODS

| Sample site-Sphagnum fallax
The experimental site was the S1 bog in the Marcell Experimental Forest (MEF; N 47°30.4760; W93°27.1620), approximately 40 km north of Grand Rapids, Minnesota, USA. The bog surface is characterized by hummock and hollow microtopography with a relief of 10-30 cm between the tops of the hollows and the hummocks. For more detailed information about this site refer to Kolka (2011) and Tfaily et al. (2014) 
| Sample collection and preparation
The 14 plant species analyzed in the antimicrobial portion of this study are included in Table 1 
| Organic matter metabolite extraction
Extracts were prepared using an adjusted Folch extraction (Folch, Lees, & Sloane Stanley, 1957 2) was used to convert raw spectra to a list of m/z values applying FTICR-MS peak picker module with a signalto-noise ratio (S/N) threshold set to 7 and absolute intensity threshold to the default value of 100. Putative chemical formulae were then assigned using Formularity software, as previously described in Tfaily, Hess, Koyama, and Evans (2018) . Chemical formulae were assigned based on the following criteria: S/N > 7 and mass measurement error < 1 ppm, taking into consideration the presence of C, H, O, N, S, and P and excluding other elements. To ensure consistent formula assignment, we aligned all sample peak lists for the entire dataset to each other in order to facilitate consistent peak assignments and eliminate possible mass shifts that would impact formula assignment. We implemented the following rules to further ensure consistent formula assignment: (a) we consistently picked the Tfaily et al., 2015 Tfaily et al., , 2017 . It is important to note that FTICR-MS by direct injection does not differentiate between isomers (i.e., compounds with same m/z, same molecular formula but different structure).
| Metabolomic analysis by FTICR-MS
A 21 Tesla Agilent FTICR mass spectrometer (MS) equipped with a Waters ultra-performance liquid chromatography (UP-LC) system, was used to collect tandem mass spectrometry (LC-MS/ MS) spectra of triplicate Sphagnum organic matter extracts in negative and positive ion modes. Sphagnum extracts were separated using a Zorbax C18 column (0.5 mm × 150 mm × 5 µm particle size).
Samples were injected in a 10 μL volume on column and eluted with solvent A (5 mM aqueous ammonium formate) and solvent B (5 mM ammonium formate in mass spectrometry grade methanol) with a 60 min linear gradient from 5% to 95% B, followed by isocratic elution at 95% B for 10 min at a flow rate of 0.2 ml/min.
The flow from the LC was coupled to the 21 T FTICR-MS using a heated ESI source set to a capillary voltage of 3,500 V; sheath, auxiliary, and sweep gas flow rates were 12, 6, and 2 (arbitrary units); and ion transfer tube and vaporizer temperatures were 300°C and 75°C, respectively. Mass spectra were collected with 1-2-s transients. MS/MS fragmentation spectra were collected by collision-induced dissociation (CID) of the major features using a collision energy of 40. Data were processed using Compound Discoverer 3.0 Software (Thermo Fisher Scientific-US) a qualitative data-processing application that uses accurate mass data, isotope pattern matching, and mass spectral library searches for the structural identification of small molecules. The complete workflow is summarized in Figure S1 . Briefly, we performed spectral library and similarity searches to identify compounds, searched chemical databases for putative candidates, and annotated spectra with predicted fragmentation. During the process, spectra were first aligned followed by peak picking. Predicted elemental composition using the TrueComposition TM algorithm was generated for all unknowns using: exact mass, isotopic pattern, fine isotopic pattern, and MS/MS data using the built in HighChem
Fragmentation Library of reference fragmentation mechanisms.
Only compounds with MS/MS data were used for the analysis (i.e., compounds with relatively high intensity needed to generate MS/ MS profiles). Metabolite identification was then performed using both spectral libraries and compound databases: mzCloud (ddMS2; online spectral library with >2 million spectra) that searches the online mzCloud database of fragmentation scans by using the MW or predicted formulas when available, and ChemSpider (exact mass or formula-chemical structure database with >480 data sources, 59 million structures) that searches selected databases of MS1 scans by using the MW or predicted formulas when available.
For predicted composition, identification is dependent on mass error, number of matched isotopes, number of missed isotopes, number of matched fragments, spectral similarity score between theoretical and measured isotope pattern, matched intensity percentage of the theoretical pattern, matched intensity percentage of the relevant portion of the MS, and finally matched intensity percentage of the MS/MS scan. The mass tolerance was set to 5 ppm. After metabolite identification, data were grouped into two groups: group 1 included metabolites that were confirmed by the online database mzCloud and either predicted composition and ChemSpider or both, whereas group 2 included compounds that were validated by predicted composition and/or ChemSpider only. It is important to note that metabolites that were identified by Chemspider are only putative identifications since it is based on mass alone. Only metabolites that were identified in the three biological replicates were reported.
| Metabolomic analysis by 1H NMR
One of the methanol extracted samples prepared as described above was used for metabolite profiling and quantitation by 1 H NMR analysis to characterize common metabolites involved in primary metabolism and get an estimate of their abundance in living plants. The one-dimensional (1D) 1 H NMR spectrum of the Sphagnum sample was collected in accordance with standard Chenomx sample preparation and data collection guidelines (Weljie, Newton, Mercier, Carlson, & Slupsky, 2006 Table S1 . NMR spectra were collected as described previously (Dalcin Martins et al., 2017) , and the detection limit of the method was ~1 µM. Only metabolites above 1 µM were included in this study. All concentrations were limited to three significant figures only. 
| Lipidomics analysis by LC-MS/MS
| Network analysis
Network analysis was used to identify potential antimicrobial compounds in FTICR-MS data based on specific chemical transformations between the pairs of m/z values, that is, m/z values of compounds of known antimicrobial effect and those m/z of unknown compounds.
We used Cytoscape (Shannon et al., 2003) Table S4 ). Acids dominated the compounds characterized by nega- 
| LC-MS/MS analysis of the chloroform layer (lipidomics)
One hundred and fifty-two lipids were detected in Sphagnum, the majority of which were glycerophospholipid species, as well as 34 previously unidentified lipids ( Figure 1 , Table 5 , Table S5 ). Polyunsaturated long-chain fatty acids and glycerolipids have been broadly shown to be a naturally occurring group in bryophytic mosses (Mikami & Hartmann, 2004) , and our data confirm their presence ( (Table S6 ). Ergosterol is the predominant sterol of many fungi (ascomycetes and basidiomycetes) and is not naturally occurring in plants. Its concentration in plant samples is indicative of fungal growth and used to estimate fungal biomass associated with plant litter (Frainer & McKie, 2015; Gulis, Kuehn, & Suberkropp, 2009 ). Additionally, MIPC, a sphingolipid identified in the lipidomics data, is a fungal lipid commonly found in yeast (Kohlwein, 2017) . however, this abundance of nitrogen could signify a nutrient pool available for nitrogen fixation in these ecosystems.
| Fungal metabolites and the presence of amine and nitrogen-containing compounds
| Acids and flavonoid sugars dominate the metabolome of Sphagnum fallax
LC-FTICR-MS/MS negative mode data show a surplus of acids present in Sphagnum, with 22 of the 31 validated compounds confirmed as acids, and seven more partial matches ( be "probiotic" and aid in microbial consumption and growth, were not only identified at highest concentrations in the NMR data but also confirmed in both LC-FTICR-MS/MS negative and positive mode. Fructose and glucose were measured at the highest concentrations of all identified compounds in the NMR characterization of Sphagnum, and 10 compounds were verified as sugar derivatives (flavonoid glycosides) via LC-FTICR-MS/MS. 
| Comparison of Sphagnum to medicinal plants using principal component analysis
| Seventeen putative antimicrobial substances detected by FTICR-MS in Sphagnum
To assess the antimicrobial similarities of chemical compounds be- (Abedini et al., 2013; Akroum, Bendjeddou, Satta, & Lalaoui, 2009; Appendino et al., 2008; Bai et al., 2018; Chiruvella, Mohammed, Dampuri, Ghanta, & Raghavan, 2007; del Valle et al., 2016; Fiamegos et al., 2011; Huang, George, & Ebersole, 2010; Kandakumar & Manju, 2017; Lou et al., 2012; Mazimba, 2017; Nakatsuji et al., 2009; Narasimhan, Ohlan, Ohlan, Judge, & Narang, 2009; Sati, Dhyani, Bhatt, & Pandey, 2019; Shi et al., 2016; Singh, Sharma, Rani, Mishra, & Sharma, 2011) were confirmed to be present within Sphagnum.
Two compounds had an associated isomer (Table 6) Possible lipid isomer (fatty acid).
TA B L E 4 (Continued)
antimicrobial qualities with chia, followed by chamomile and CBD.
Of these antimicrobial compounds, nine of the seventeen are acids, which correlate with previous literature on Sphagnum's antimicrobial nature. Seven of these structures are sugar derivatives (e.g., flavonoid glycosides), which could be inhibiting microbial activity due to its antimicrobial properties. The presence of these putative antimicrobial compounds should be further tested via microbiological assays using S. fallax dominating strains to confirm the biological (antimicrobial) activity of these metabolites. (Table S7 ). For 21 of these compounds, no molecular formula was generated either because they contained elements outside of formula assignment rules or because they did not follow the rules used by Formularity. Therefore, these compounds are considered unknown. Polyphenol (lignin-like) species dominate the antimicrobial and first neighbor compounds, followed closely by carbohydrate and aromatic compounds (Figure 3a) . Two subnetworks are outlined in Figure 3b ,c. Tetrahydrocannabinolic acid is one carbon/dehydrogenation from a previously unidentified spe- (Baas et al., 2000; Klavina et al., 2018; Koskimies & Simola, 1980; Koskimies-Soininen & Nyberg, 1987; Moore et al., 2015) and also demonstrated a surplus of sphingolipids and glycerolipids. Given the high-resolution data generated by these analytical techniques, Verhoeven & Liefveld, 1997 (Table S3) , and one quinone detected via 1 H NMR at a concentration of 8.4 µM (Table 2) . While these three could be the players in antimicrobial properties, it is likely these are not fully responsible for decomposer suppression, which corresponds with previous research (Bengtsson et al., 2018; Mellegård et al., 2009 ).
| Novel and known compounds identified by network analysis suggest potential pool of antimicrobial compounds present in Sphagnum fallax
| D ISCUSS I ON
Acidification and nutrient sequestration is likewise suggested to be a player in the antimicrobial nature of Sphagnum, where highly reactive cation exchange (carbonyl/carboxyl) groups react with nutrient sources in the environment making them unavailable to decomposers and subsequently releasing protons into the environment lowering the pH to <4.2 (Børsheim et al., 2001; Hájek et al., 2011; Painter, 1991; Stalheim et al., 2009 ). This has mostly been attributed to Sphagnan, Sphagnum acid, and uronic acids in previous literature Verhoeven & Liefveld, 1997) . Our data support this trend, with more than 60% of structures identified by 1 H NMR containing carbonyl/carboxyl functional groups, 1,010 µM of Sphagnum contributed to acids, and the discovery of thirty-six acids via LC-MS not previously known to be present in Sphagnum.
Furthermore, in the comparison of Sphagnum to medicinal plants, greater than half (9 of 17) of the identified potential antimicrobial compounds were acids. Further research is needed to fully understand whether these acids are acting to control pH of peatlands, but it is likely these acidic, high-cation exchange compounds are acting by suppression of microbial species.
Interestingly, Sphagnum makeup was also dominated by sugarlike derivatives (glycosidases) and other complex sugars, which can be broken down by microbes into simple sugars (free glucose) and used for metabolism. However, 11 complex sugars were detected by LC-FTICR-MS/MS, and of the seventeen potential antimicrobial compounds present in Sphagnum, seven were also complex sugars derivatives. The detection of these complex sugars and their derivatives in Sphagnum are likely attributed to three phenomena. First, it is possible that the presence of acids and therefore low pH inhibits microbial growth and degradation of complex sugars for energy, which would account for both the detection of complex sugars and wealth of acids. Secondly, these complex sugars could be playing a role in inhibiting microbial growth, which has been shown in previous literature for these seven sugar derivatives in other plants (Akroum et al., 2009; Chiruvella et al., 2007; Sati et al., 2019; Shi et al., 2016; Singh, Sharma, et al., 2011; del Valle et al., 2016) . Finally, network analysis Peatland terrestrial ecosystems are the largest carbon sinks worldwide, driven largely by Sphagnum's dominance over other plant species, control of slow decay rates and water table fluctuations, and subsequent changes in redox chemistry of peat bogs (Tfaily et al., 2014) . The processes by which Sphagnum controls C decomposition, accumulation, and transformation are still poorly understood and, while relevant, are not included in current climate models. Once structural biomarkers are defined and linked to carbon specific processes, shifts in organic matter composition, and decomposition changes due to water table fluctuations, we can use these biomarkers to predict and anticipate peatland C transformations. With our high-resolution mass spectrometry and liquid state NMR approach, we found 298 novel metabolites and few hundreds of compounds previously unknown to be present in Sphagnum fallax, which highlights the gap of knowledge on this species. Our research provides a much-needed baseline characterization that can be extrapolated upon to understand the chemical structures (biomarkers) and their functions that underlay carbon sequestration and will aid in predicting what will happen in the face of climate shift, vascular plant dominance, and subsequent greenhouse gas fluxes.
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